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ABSTRACT: We present Monte Carlo simulations of a lattice model describing silica
polymerization with an emphasis on the transition between gel states and nanoparticle
states as the pH and silica concentration are varied. The pH in the system is controlled
by the addition of a structure-directing agent (SDA) of the type SDA"(OH™). The silica
units are represented by corner-sharing tetrahedra on a body-centered cubic lattice and
the SDA" species by single sites with near-neighbor repulsions. We focus on two
systems: one with a low silica concentration with composition comparable to that of the

clear solution silicalite-1 zeolite synthesis and a high silica concentration system that

leads to gel states. In the dilute system, clusters have a core—shell structure, with the core predominantly comprised of silica with
some SDA" cations, surrounded by a shell of only SDA" cations. Moreover, the average cluster size gradually decreases from 2 to
1.6 nm with increasing pH. The concentrated system forms a gel that remains stable to increasing pH up to about 9.2. At pH
values in the range of 9.2—10, the gel transforms to nanoparticles of size around 1.0 nm, surprisingly smaller than those in the
dilute system. We also study the evolution of the Q,, distribution (a measure of the silica network structure) for both systems and
obtain good agreement with ’Si NMR data available for the concentrated system.

1. INTRODUCTION

Sol—gel processing is an important technology used in the
production of thin films, fibers, preforms, and nanoporous
materials such as zeolites."? Zeolites are crystalline alumi-
nosilicates with extensive applications as adsorbents, catalysts,
and ion exchangers.” All-silica zeolite frameworks such as
silicalite-1 can be synthesized by sol—gel processing in aqueous
media using a silica source and structure-directing agents
(SDAs).> A fundamental understanding of the synthesis process
of such materials would enable the prediction of various
properties such as pore size, framework type, and surface
structure. A central component of zeolite synthesis is the
polymerization of silica that produces both sols (nanoparticles)
and gels (percolating networks). This paper is concerned with
the modeling of silica polymerization under various conditions
of pH and silica concentration to elucidate both kinds of
structures that arise during sol—gel processing.

Our particular focus is on the formation of silicalite-1 because
this represents a relatively well studied zeolite synthesis
involving sols, ie., suspended nanoparticles at short times
that evolve with time and/or heat into zeolites.* This pure silica
form of the MFI zeolite framework contains parallel straight
channels in one direction and zigzag channels perpendicular to
the straight channels. It was first synthesized by Flanigen et al.’
by hydrothermal crystallization of a reactive form of silica in the
presence of tetrapropylammonium cations as SDA at 100—200
°C and pH near 10. Eventually, the SDA cations occupy the
channel intersections and are removed by calcination in the
presence of air at 500—600 °C to yield microporous silicalite-1
crystals. Studies of the formation mechanism of silicalite-1
crystals*™'® have shown that the process involves an
intermediate nanoparticle phase that is believed to play an
important role in the nucleation process of these crystals.*
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Scattering techniques, such as small-angle X-ray scattering
(SAXS) and small-angle neutron scattering (SANS), suggest
that these silica—SDA nanoparticles possess a core—shell-type
structure.'* The core of the nanoparticles is hypothesized to be
comprised primarily of silica, enveloped by a shell of cations.
These particles, after being aged for a long period (~200 days),
aggregate to give rise to a population of larger particles that
contain the X-ray diffraction signature of silicalite-1 crystals.*
Yang et al." studied this system with the same components but
at higher density and showed using SAXS that the nanoparticle
size decreases with an increase in the concentration of SDA
cations. However, the structure and morphology of these
nanoparticles remain poorly known. Understanding the de-
tailed structures of such nanoparticles would yield unprece-
dented insight into the early stages of zeolite formation.

In contrast to the high-pH behavior, at low pH near the
isoelectric point of silica (pH ~ 2—3'%), an aqueous silica
solution evolves into a disordered state of condensed silica
networks. Carman'® proposed that the formation mechanism of
such networks is a two-stage process. In the first, initially
formed Si(OH), condenses to form colloidal particles. In dilute
solution, particle aggregation may occur but does not lead to
percolating networks, characteristic of gels. However, at a
higher concentration of silica, these networks link into a
continuous, relatively rigid material that ultimately percolates
the system, leading to gelation. Devreux et al.'” studied the
evolution of such aqueous silica networks using **Si NMR.
They observed the evolution of the Q, (the fraction of silicon
atoms connected to n bridging oxygen atoms) distribution both
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with time and with degree of condensation. Their results
provide an excellent test for models of silica polymer-
ization."®™*° Capturing the nature of the transition between
nanoparticle and gel states of silica provides an important target
for molecular modeling.

The polymerization of silica exhibits a complex interplay of
several phenomena such as condensation/hydrolysis chemistry,
acid—base equilibrium, metastability, and phase separation.*' >
Furthermore, SDA™ cations present in the system can influence
the process via electrostatic interactions. Molecular modeling
can potentially provide useful insights into the thermodynamic
behavior of such systems, especially considering that silica
networks often fall into the nanoscale blindspot between NMR
(<1 nm) and X-ray (=50 nm). Researchers have employed
simulation techniques such as molecular dynamics (MD) and
Monte Carlo (MC) simulations to investigate the phenomena
of silica polymerization under various conditions. Garofalini
and co-workers”*** studied the kinetics of silica polymerization
using MD simulations and predicted that chains form at an
early stage followed by ring formation. Rao et al.*® performed
large-scale MD simulations to find that the initial stages of
polymerization are dominated by Ostwald ripening** followed
by cluster aggregation at longer times. The computational
limitations of the models and MD, however, restricted such
studies to relatively small system sizes, short times, and high
temperatures to allow chemical bond breaking and re-forming.

To simulate silica polymerization under ambient conditions,
Wu and Deem”” used MC simulations to model silicate cluster
formation. Using novel MC moves, they estimated the
nucleation barrier for silica crystallization to be on the order
of 10% kT and the critical nucleus size to be ~50 silicon atoms.
Malani et al."*" developed a model of silica sampled with
specialized MC simulations under ambient conditions at the
isoelectric point, reproducing the measured Q,, evolution using
specialized MC moves allowing oligomerization, ring formation,
and cluster aggregation. Despite this progress, off-lattice
simulations have yet to describe the crystallization of silica.

Recently we deployed lattice models to study silica
polymerization at the isoelectric point (pH = 2),*° and also
spontaneous formation of nanoparticles at high pH (pH ~ 10)
in clear solution synthesis of silicalite-1.>* These models have
also been applied to simulate the spontaneous formation of
MCM-41 mesoporous silica materials®® and the crystallization
of microporous zeolite analogues.*® Here, we extend these
studies across the pH range and study the distinction between
the nanoparticles formed at low and high silica concentrations.
We have used an atomic representation of corner—sharin§ silica
tetrahedra on a body-centered cubic (bcc) lattice.® The
condensation reaction was modeled by simultaneous occupancy
of hydroxyl groups from different tetrahedra on the same lattice
site. Jin et al.”® used this representation to predict network
formation at the isoelectric point. Their results for the
evolution of the Q, distribution agree well with data from
»Si NMR experiments.'” However, the phenomena of silica
polymerization for various pH values and silica concentrations
remain to be explored. In particular, it is unclear whether the
gel transforms smoothly or abruptly to nanoparticles as the pH
is increased and whether the nanoparticles are similar in size for
systems with low and high silica concentrations. We address
this issue by introducing a salt of type SDA*(OH™) in our
system to change the pH. The cation, SDA", is represented as a
single site on the lattice with near-neighbor repulsions
accounting for its size. We impose an orientation-dependent

interaction of SDA" with the anionic portion of Si(OH);0~ to
mimic electrostatic charge balance. In this work we study low
and high silica concentration systems and find the surprising
result that the nanoparticles for the dilute silica system are
larger than those in the concentrated system.

The outline of the paper is as follows. In section 2, we discuss
the model. In section 3, we describe the simulation techniques
used. In section 4, we present our results, first for a low silica
concentration system and then for a high silica concentration
system. In section 5, we compare our findings with those from
experiments. Finally, in section 6, we present a summary of our
results and conclusions.

2. MODEL

The objective of the present work is to study the process of
silica polymerization over the pH spectrum. We aim to model
this process using a simple model with enough detail to
qualitatively reproduce and predict the experimental observa-
tions'*'”?! while at the same time not being overly
complicated so as to restrict our study to smaller systems. To
achieve this, we have developed an atomic lattice model to
study the polymerization process. Such a model helps us to
overcome the computational challenges involved in studying
silica polymerization.”

We follow closely the earlier work of Jin et al.*® The silica
source is chosen to be tetraethyl orthosilicate [Si(OC,H;), or
TEOS], and we assume that it hydrolyzes completely into a
molecule of silicic acid and four molecules of ethanol. For
simplicity, we do not distinguish between water and ethanol
molecules, but rather we treat them as “solvent”. The pH of the
system is controlled by adding a structure-directing agent of
type SDA*(OH™). We assume complete dissociation of
SDA*(OH™) into SDA" and OH™. Under such conditions,
OH~ deprotonates the neutral silica monomer [Si(OH),] to
produce an ionic silicate monomer [Si(OH);07]. We assume
that any remaining OH in the system goes to determine the
pH. The cationic species (SDA") can vary from a sodium cation
(Na*)*' to a tetrapropylammonium cation [N(C;H,)," or
TPA"], which is used in the synthesis of silicalite-1.>

We chose the bcc lattice, which can be viewed as two
interpenetrating diamond sublattices, as a model for silica. We
adopt an atomic representation of silica on a bcc unit cell.
The silicon atom, treated as a single site, is located at the center
of the unit cell, whereas the hydroxyl groups, also treated as
single sites, occupy either of the diamond sublattices. The
neutral silica monomers (=SiOH, also denoted as “SN”) and
the ionic silica monomers (=SiO~, denoted as “SI”) are both
represented by the bec unit cell, as shown in Figure 1ab.

To keep the model as simple as possible, we adopt a coarse-
grained picture of the cation by representing it as a single site

Figure 1. Representation of various species on the lattice: (a) neutral
silica (=SiOH); (b) ionic silica (=SiO~); (c) cation (SDA*).
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with near-neighbor repulsions accounting for its size as shown
in Figure 1c. In future work we will investigate more complex
models of the SDA™ cation. We represent water and ethanol
molecules as vacant sites on the lattice.

2.1. Neutral Polymerization. The isoelectric point for
silica, i.e,, the pH at which the charge on silica vanishes, has
been observed to be in the range of 2—3."° Under such
conditions and at room temperature, the kinetics of
condensation are slow and changes in the silica network
structure of the system can be observed spectroscopically (e.g.,
with Si NMR)."”

We adopt a simplified view of the reactions occurring in such
a system; we define the neutral polymerization reaction as

=Si—OH + OH—Si= = =S§i—0—Si= + H,0

(1)
Here a silica cluster (=SiOH) reacts with another silica cluster,
resulting in the formation of a bridging oxygen and liberation of
a water molecule, treated as a lattice vacancy. We model this
reaction in our system allowing two tetrahedral vertices to share
the same site with an accompanying lowering of the energy.
This energy lowering represents the exothermicity of the
condensation reaction and has been calculated using density
functional theory coupled with the continuous dielectric
model.** The resulting configuration is shown in Figure 2.

Figure 2. Result of neutral polymerization producing a bridging
oxygen between two SN molecules.

2.2. Alkaline Polymerization. As mentioned earlier, the
pH of the system can be controlled by introducing a base of the
type SDA*(OH™). In the presence of SDA*(OH™), the
hydroxide ion (OH™) can deprotonate an SN, resulting in a
singly deprotonated silicate species [Si(OH);0~ or SI]. To
turther simplify our model, we consider only singly ionized
monomers. Although doubly ionized silica [=Si(O™),] has
been shown to exist at sufficiently high pH,*"**** it has been
hypothesized to remain inert in the polymerization process.*®

=Si—OH + OH—Si(0")=

= =Si—0—Si(0")= + H,0 @)

Therefore, in the presence of SDA*(OH™), we need to
consider two additional types of polymerization reactions: (i)
SN reacting with SI to form a bridging oxygen as illustrated in
Figure 3 and (ii) condensation between two SI molecules to
yield =Si(07)0Si(O7)=. We assume that the electrostatic

OH

Figure 3. Alkaline polymerization forming a bridging oxygen between
SN and SI molecules.

10991

repulsion between two SI molecules is strong enough to
prohibit their condensation from taking place.

Moreover, O~ is prohibited from forming a bridge with a
hydroxyl group of another silica species. Such a reaction would
result in the liberation of a hydroxide ion (OH") instead of a
water molecule, which is thermodynamically unfavorable.

2.3. Interaction of Cations. As a base case model, the
cation (SDA*) in our model is treated as a single site with
excluded volume. We will consider more complex SDA" models
in a forthcoming paper. The excluded volume is accounted for
by imposing near-neighbor repulsions (between the cation site
and its first nearest neighbors). Such a model may mimic a
sodium cation or a tetralkylammonium cation depending upon
the range of repulsions.

2.4. Parameters. With four distinct species in our system,
SN, SI, SDA", and H,0, there would be ten interaction
energies, SI-SN, SI-SI, SN—SN, SI-SDA", SN—SDA", SN—
H,0, SI-H,0, SDA*—H,O, SDA*—SDA®, and H,0—H,O.
The Hamiltonian of the system is given by

m
2. G
i

M=

H

i=1 ©)
where m is the number of components in the system, C;; is the
total number of interaction contacts between components i and
j, and €;; is the corresponding interaction energy. Jorge et al?®
defined the reduced temperature of such a system as T* = kgT/
lesn snl- Jin®® studied the change in solubility of an all-silica
system with temperature and obtained &gy gy = —3.4 kcal/mol,
which gives the value of room temperature as T* = 0.15. We
use this value of T* in the present work.

We now focus on specifying the remaining interaction
energies in the system. The nature of the SI-SN interaction
should be attractive, as exothermic condensation takes place
between SN and SI Consistent with our previous work,”® we
have assigned &g gy = 0.8£gysn. As stated above, we assume
that the SI—SI condensation reaction does not contribute
significantly to the polymerization process; hence, we assign
€151 = 0, which neither precludes nor favors this process.

In the present work, the SDA" cation occupies a single site
and has first-neighbor repulsion with every species. This makes
the size of the cation comparable to the size of the silica
monomer, i.e., approximately 3.2 A in diameter, or that of a
tetramethylammonium (TMA) cation.®® The interaction
between cations is dominated by electrostatic repulsion; thus,
we assume an infinite repulsion between cations extending to
the first neighboring sites. The cation—cation repulsion is
assumed to be short ranged in our model because of Debye—
Hiickel screening.”' The interactions between SI and SDA* are
attractive because of electrostatic attraction. The interaction
depends upon the orientation of SI and was calculated to be
higher than the condensation energy of silica.®” Therefore,
consistent with our previous work, we have assigned &g 5ps =
2.0&gysn- To maintain local charge balance, we impose the
condition that a molecule of SI interacts with only one
molecule of SDA* and vice versa, as shown in Figure 4. The
interactions between SDA" and SN are set to zero for
simplicity. Moreover, we assume for simplicity that the
interaction of water (i.e., vacancies) with all the species is zero.

Using all the above simplifications, the Hamiltonian now
takes the form
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Figure 4. Interaction of SDA* with O of an SI monomer.

3
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i

where the indices corresponding to 1, 2, and 3 represent SI, SN,
and SDA, respectively. The interaction strengths are given in
Tables 1 and 2.

3
H =
i=1

Table 1. Interaction Energies for First Neighbors

SI SN SDA*
SI 0.0 -0.8 0
SN —0.8 -1.0 [
SDA* <) 0 00

Table 2. Interaction Energies for Second Neighbors

SI SN SDA*
SI 0.0 0.0 -2.0
SN 0.0 0.0 0.0
SDA* -2.0 0.0 0.0

3. SIMULATION TECHNIQUE

We use canonical ensemble Monte Carlo simulations to study
the behavior of the system. We implement periodic boundary
conditions on the boundaries of the lattice and start the
simulation by placing molecules at random locations on the
lattice. Next we attempt three kinds of moves to efficiently
sample the different states of the system. The first move is
translation, where we select a molecule at random and another
site at random on the lattice. If the selected site is vacant, we
attempt to move the molecule to the new site. The second
move is a swap between two molecules, where we attempt to
exchange two molecules selected randomly. The third kind of
move is the rotation of a silica tetrahedron. In the case of SN
we attempt to rotate the tetrahedron by randomly assigning it
to the other diamond sublattice of the unit cell, whereas for SI
we move O~ randomly on one of the eight first nearest
neighbors and the hydroxyl groups accordingly. All moves are
accepted or rejected on the basis of the Metropolis condition.*®
An MC step consists of N trial moves, where N is the number
of molecules in the system. A trial move is comprised of an
attempted translation, an attempted swap, and an attempted
rotation. We study cluster size statistics using the Hoshen—
Kopelman algorithm,” where we consider two silica monomers
to be part of the same cluster if they are connected by a
bridging oxygen atom. In determining cluster statistics, we
(somewhat arbitrarily) define aggregates that have greater than
15 silica units as a cluster.

We have studied both dilute and concentrated systems with
respect to silica concentration. The dilute system has the
composition 40TEOS:xSDA(OH):9500H,0, whereas the
concentrated system has the composition 25TEOS:xSDA-
(OH):400 H,O. Here, x is the mole proportion of

SDA*(OH™). The lattice size in both the systems is 100 X
100 X 100, which has been found sufficient in previous
work.”>*® Length scales in the system are controlled by the Si—
O bond length, which is approximately 1.6 A. This makes the
lattice dimension 18.5 nm in all the directions. Both the
systems were studied for 10 X 10° MC steps, with equilibrium
found to be attained after S X 10° MC steps for the low silica
concentration system and 7 X 10° MC steps for the high silica
concentration system.

The topology of silica networks changes significantly with
pH. We study these changes by computing the variation in
average cluster size with a change in the cation content. The
diameter of a cluster can be calculated using the diameter of

gyration:

1 N N
D=2 Wz:zlr,.—rl.l2

j=1 i=1

where N is the number of silica units in the cluster and Ir; — |
is the distance between the ith and jth silicon atoms belonging
to the same overall cluster. We implement the minimum image
convention to calculate distances between the silcon atoms.
Next we calculate the mass average and mole average size for
every cluster in the system according to

M
(cluster size)™* 8¢ = —Zkzl Dy
M
M
< lust . >massaverage _ Zk=11)1<1\7k
cluster size Sy —
2N

where M is the total number of clusters, Nj is the total number
of silica units in cluster I, and D, is the diameter of the kth
cluster. It should be noted that we only consider silica
molecules, and not SDA™ species, while calculating the average
cluster size. The ratio of the mass to mole average cluster size
gives the polydispersity ratio,*® which is a measure of the
heterogeneity in the cluster size distribution, with mono-
disperse distributions showing a polydispersity ratio of unity
and polydisperse systems showing a polydispersity ratio
exceeding unity.

We also compute the pair distance distribution function
(PDDF) by plotting a histogram of distances between silicon
atoms in a cluster for comparison with distributions extracted
from small-angle X-ray scattering and small-angle neutron
scattering data. The structural properties of networks can be
obtained by computing the Q, distribution, which gives the
fraction of Si atoms bonded to n bridging oxygens. Harris and
co-workers*"** measured ’Si NMR chemical shifts in aqueous
silicate solutions. Their findings indicate that *°Si chemical
shifts are very different for neutral and anionic silica species,22
suggesting that the chemical shifts that determine the Q,
distributions for our system are dominated by connectivities
around SN. Therefore, while calculating Q, distributions, we
only consider connectivities of silicon atoms around SN species
in our simulations and ignore connectivities of silicon atoms
around SI in our simulations. The normalization of the Q,
distribution is computed on the basis of the total SN present in
the system. We also calculate the pH of the system, as detailed
in the Appendix.
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(a)

(c)

Figure 5. Snapshots of the system after 10 X 10® Monte Carlo steps with composition 40TEOS:xSDA(OH):9500H,0: (a) x = 0.0; (b) x = 9.0; (c)
x = 38.0. Key: yellow spheres, SN; red spheres, SI; blue spheres, SDA. Note that the snapshots show only clusters having 15 or more SN and SI

tetrahedra.

4. RESULTS AND DISCUSSION

4.1. Dilute System. Fedeyko et al.'* characterized the
intermediate nanoparticle phase observed during the synthesis
of silicalite-1 using SAXS and SANS on a system dilute with
respect to silica with the following composition:
40TEOS:xSDA(OH):9500H,0. They hypothesized that the
difference between the pair distance distribution functions
obtained by SAXS and SANS may be evidence of the existence
of a diffuse double layer around the silica clusters including
SDA" cations and compensating anions. They also proposed
that the nanoparticles have a core—shell structure with silica in
the core and SDA" cations in the shell. We have modeled this
composition to investigate whether a core—shell structure
emerges in our simulations.

4.1.1. Snapshots. A series of system snapshots at various
SDA* mole fractions is shown in Flgure 5, generated using the
Visual Molecular Dynamics package.** The qualitative behavior
of the simulations is similar to that in our earlier work on silica
polymerization.”® In each case, starting from a random initial
configuration, the clusters grow with the phenomenon of
Ostwald ripening,** involving smaller clusters dissolving rapidly,
adding their silica tetrahedra to larger clusters. In the absence of
SDA" cations, a nanoparticle phase is observed containing
clusters of silica as seen in Figure Sa. As the SDA*(OH™)
concentration is increased, more neutral silica molecules are
deprotonated to ionic silica by the reaction mentioned in the
Appendix. There exists a competition between the electrostatic
attraction of SI-SDA" and the condensation energy between
silica molecules that leads to the formation of nanoparticles
possessing core—shell structures. The cores of these nano-
particles have silica surrounded by a shell of cations as shown in
Figure Sb. When the mole proportion of SDA*(OH™) reaches a
value close to that of TEOS, virtually all silica is in the form of
SI, and hence, no clusters are observed in the system.

We find under these dilute conditions that the concentration
of silica is not high enough to produce percolating networks in
our simulations. This suggests that we need to consider higher
silica concentrations to observe the transition from nano-
particles to gels.

4.1.2. Cluster Statistics. Figure 6 shows the effect of the
SDA*(OH™) mole fraction on the mass and mole average
cluster sizes and also on the total number of clusters. Greater
weights are assigned to larger clusters in the mass average
cluster size calculation, making it greater than the mole average
cluster size for which equal weights are assigned to each cluster.

pH
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2.8 T T T T T 40
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Figure 6. Effect of the SDA mole fraction on the cluster sizes and
number of clusters in the system, giving a relatively monodisperse
cluster size distribution with a polydispersity of 1.1-1.2.

We observe that both the average cluster sizes gradually
decrease with an increase in the SDA*(OH™) mole fraction. As
the amount of SDA" increases, the amount of SI also increases
because SDA" carries the strong base which deprotonates SN to
yield SI. The mass average cluster size obtained in our
simulations (1.6—2.0 nm) is comparable to results from
experiments performed at the composition 40TEOS:9SDA-
(OH):9500H,0."*

Size distributions may be further understood by analyzing
PDDFs shown in Figure 7, which reveals that as the mole
fraction of SDA*(OH™) increases, the PDDF peak shifts to the
left, indicating a gentle trend toward smaller clusters. Increasing
the concentration of SI yields smaller clusters for two reasons:
in contrast with SN, which is a tetravalent network-forming
species, SI is only a trivalent network former, and SI-SI
condensation is not driven by a favorable interaction because of
electrostatic repulsion. The polydispersity, given by the ratio of
the mass to mole average cluster sizes, falls in the range of 1.1—
1.2 from these simulations, indicating reasonably monodisperse
cluster size distributions. The tails of the PDDF curves are
associated with the maximum cluster size in the simulations.
The total number of clusters present in the system first
increases weakly and then systematically decreases with x.
However, the decrease after x ~ 26 is due to our definition of a
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Figure 7. Pair distance distribution function at various SDA’
concentrations for the dilute silica case, corresponding to the
snapshots in Figure S.

cluster as an aggregate with greater than 1S silica units. We note
that the case of x = 0 (pH ~ 2—3) is treated separately when it
comes to the pH calculation, as mentioned in the Appendix.
Fedeyko et al.'* measured the PDDF using SAXS and SANS
scattering experiments. Because X-rays are scattered mostly by
silica (higher electron density) whereas neutrons are scattered
by both silica and SDA" species, we model the SAXS data by
computing the PDDF including only silica and the SANS data
by computing the PDDF including both silica and associated
SDA" cations within each cluster. To compare our findings with
these scattering experiment results, we have calculated the
PDDEF for silica, SDA", and silica + SDA" as shown in Figure 8.

silic§
1r . SDA, -~ -
- silica + SDA™
s ! \
3 ' ° \
0.8 - ' B \
S % .
/ \
H ’ '
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a i '
a , '
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Figure 8. Pair distance distribution functions for silica, SDA", and
silica + SDA* at 40TEOS:9SDA(OH):9500H,0.

The PDDF curves for silica and SDA™ indicate a core of silica
surrounded by a shell of SDA" cations. However, the PDDF for
SDA* species also contains smaller pair distances than the
average cluster size, suggesting that the SDA" cations are
present inside the clusters as well. The difference between the
PDDF of silica and the PDDF of silica + SDA™ at higher pair
distances is indicative of the presence of SDA" surrounding the
cluster as predicted by Fedeyko et al."* Overall, Figure 8 shows
that SDA* species in our model are in both the core and shell of
these core—shell nanoparticles.

4.1.3. Q, Distribution. The Q,, distribution provides another
structural descriptor of the connectivity around silicon atoms
and is measured by °Si NMR.*' Figure 9 shows the evolution

|

0.8r

02r

. Pt .
1000 10000 100000 1le+06 1e+07 1e+08
C steps

110 100

Figure 9. Evolution of the Q, distribution with MC steps at
40TEOS:9SDA(OH):9500H,0.

of the Q, distribution with MC steps. We observe that Q,, the
fraction of monomers in the system, monotonically decays as
monomers combine to form higher order polymerized units.
Q,, which is indicative of oligomers, peaks at approximately 100
steps. Q,, which accounts for rings and chains, peaks at 1000
steps. Qs is representative of silica units in small clusters and
peaks around 100 000 steps. Q,, which accounts for condensed
clusters, monotonically increases. The degree of condensation,
defined as ¢ = 1/4),~ nQ, is a monotonically increasing
function of MC steps. The qualitative behavior of the curves in
Figure 9 is similar to that observed in our previous work.”’

4.2. Concentrated System. Having established the
existence of nanoparticles in the low silica concentration
system, we now focus our attention on the high silica
concentration system with the composition 25TEOS:xSDA-
(OH):400H,0, which has been used in previous experimental
studies.’

4.2.1. Snapshots. A series of snapshots of the higher silica
concentration system at various mole proportions of the cation
is shown in Figure 10. At such a high silica concentration, the
system would have a large number of molecules, which would
be a hindrance in viewing the networks. To overcome this
difficulty, we omit aggregates of 15 tetrahedra or smaller in
Figure 10.

In the absence of cations (x = 0), we observe a large network
that percolates the simulation cell as shown in Figure 10a. The
spatial extent of this network is limited by the size of the system
we study. The existence of such a network has been associated
with gelation.22 As the cation content is increased, more SN is
converted to SI according to the deprotonation reaction
detailed in the Appendix. Moreover, since there is no attraction
present between SI molecules, the amount of silicate anions
present in the solution increases. This behavior is similar to that
of the low silica concentration system we studied. The presence
of the percolating network persists to high values of x (x =
16.0) as shown in Figure 10b. At even higher values of x (x =
22.0), we observe the nanoparticle regime. These nanoparticles
are different from our predictions in the low silica
concentration system: they are more numerous but smaller in
size than those obtained at low silica concentrations. This is
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Figure 10. Snapshots after 10 X 10° MC steps with the composition 25TEOS:xSDA(OH):400H,0: (a) x = 0.0; (b) x = 16.0; (c) x = 22.0. Only

clusters of size 15 or bigger are shown here.

surprising as we may expect the nanoparticle size at higher silica
concentration to exceed that at lower silica concentration.
4.2.2. Cluster Statistics. We now study cluster statistics as a
function of the SDA" mole fraction. Similar to Figure 6, we
have computed the mass and mole average cluster sizes, shown
in Figure 11. In contrast to Figure 6, we see in Figure 11 that

pH
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Figure 11. Average cluster size and number of clusters as a function of
the SDA" mole fraction at 2STEOS:xSDA(OH):400H,0.

the mass average cluster sizes are significantly greater than the
mole average values. This indicates high polydispersity of the
clusters in this system. We observe two plateaus in the mole
average cluster size with an increase in x. These plateaus may be
misinterpreted as a gel regime for 0 < x < 15 and a
nanoparticle regime for 16 < x < 24; however, the mass
average cluster size suggests a different picture. It predicts a
percolating network for compositions in the range of 0 < x <
21, where the average cluster size is close to half the simulation
cell size (~9.25 nm). Due to the high silica concentration, we
do not observe independent clusters as in Figure S, but rather
we see clusters that are connected to each other by links of
condensed silica. For x > 22, the mass average cluster size
drops precipitously to a low value, suggesting the transition to
the nanoparticle regime, where the size of the nanoparticles is
~1.0 nm. No clusters are observed for SDA*(OH™)/TEOS >
1(x =~ 25). The polydispersity drops to nearly unity for 22 < x <
25, indicating a rather monodisperse collection of relatively
small silica nanoparticles.

Similar conclusions can be derived from Figure 12, which
shows the pair distance distribution function. At x = 0.0 and x =

PDDF for silica in clusters

0 2 4 6 8 10 12 14 16 18
Pair distance (nm)

Figure 12. Pair distance distribution function for the gel (x = 0),
transition (x = 16.0), and nanoparticle (x = 22.0) states.

16.0, the tails of the distribution functions are greater than half
the system dimension, indicative of percolation. At x = 22.0, the
function resembles that of Figure 7, with the peak at a lower
distance suggesting that the cluster sizes are smaller than those
of the low silica concentration system.

4.2.3. Q, Distribution. The evolution of the Q, distribution
with MC steps for the concentrated system is shown in Figure
13. We observe that Q, monotonically decays as the monomers
combine to form higher order polymerized units. Q,
(oligomers) peaks at approximately 10 steps, Q, peaks after
100 steps, and Q; peaks around 7000 steps. These results are
qualitatively similar to those described above for the low silica
concentration system. This finding suggests that the Q,
distribution is relatively insensitive to differences in silica
polymerization arising from different silica concentrations.

5. COMPARISON WITH EXPERIMENTS

We present a comparison of our calculated Q, distributions
with those from dilution studies (increase in the water content
instead of decrease in the SDA*(OH™) mole fraction) by
Follens et al.*' in Figure 14. They measured Q;, Qy, Q;, and Q,
values using *’Si NMR during the clear solution synthesis of
silicalite-1 under various conditions. The vertical line represents
the degree of condensation at which the Q, measurements were
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Figure 13. Evolution of the Q, distribution with MC steps at
25TEOS:22SDA(OH):400H,0.

made, and the colors of the points on the line correspond to the
respective Q, values. It should be noted that the experimental
values of Q, and Qs are the same (~0.171) in Figure 14a. We
observe that our simulations reproduce the Q, values
reasonably well, suggesting that our model captures aspects of
the silica polymerization mechanism in the high water content
systems (Figure 14b—d) to a good extent. However, in the low
water content system (Figure 14a), the model gives only a
qualitative agreement with the Q, values. We believe this may

be due to the assumptions made about the various interactions
with water being set to zero.

6. SUMMARY AND CONCLUSIONS

Building on previous work,”® we have further developed and
applied a lattice model for silica polymerization over a broad
pH range and for different silica concentrations. We represent
silica monomers as rigid tetrahedra on a unit cell of a bec lattice,
where a silicon atom occupies the body center of the unit cell
and hydroxyl groups are at the vertices. The pH in the system is
controlled by the amount of SDAs carrying a strong base in the
form of SDA*(OH™). The SDA cations, SDA", are represented
as single sites on the lattice with first-neighbor repulsions with
every species. We have modeled the condensation reaction via
double occupancy of hydroxyl groups at a single lattice site,
hence representing corner-sharing tetrahedra. We also consid-
ered short-ranged attractions between O~ of SI and SDA". As
with our previous work with this model, we have imposed
energy penalties on three- and four-membered rings and have
prohibited the formation of two-membered rings. With
appropriate interaction energies between components, this
model has been found to elucidate the silica polymerization
process over a broad pH range.

We have applied this model to two systems: systems with
low and high silica concentrations.

1

1

Q weeeees
QY
8
Q

Figure 14. Q, distribution compared with that from experiments:31 (a) 25TEOS:9SDA(OH):400H,0; (b) 2STEOS:9SDA(OH):900H,0 (c)
25TEOS:9SDA(OH):1900H,0; (d) 25TEOS:9SDA(OH):4000H,0. The colors of the points on the vertical line correspond to the respective

colors of the Q, curves.

10996

dx.doi.org/10.1021/jp504961q | J. Phys. Chem. B 2014, 118, 10989—10999



The Journal of Physical Chemistry B

In the case of low silica concentration, we observed that the
mass and mole average cluster sizes are quiet similar, indicating
a relatively monodisperse cluster distribution. These cluster
sizes were found to decrease very gradually with an increase in
the SDA*(OH™) mole fraction. We also studied the PDDF of
clusters under these conditions. The peak and the spread of the
PDDF for silica were found to shift to lower distances as the
SDA*(OH™) concentration increased, consistent with the
computed average cluster sizes. The difference between the
PDDF of silica and the PDDF of silica + SDA" suggests that
SDA* cations do not just surround the cluster, but are also
contained to some extent within the cluster. To further
investigate the formation mechanism of the nanoparticles, we
studied the evolution of the Q, distribution. Our results suggest
a common form for the Q, distribution that may be expected
under many different conditions of silica polymerization.

We have also studied networks in a high silica concentration
system with density comparable to that in sol—gel processing.
We observed a gel regime at low and intermediate SDA*(OH")
mole fractions. This regime is marked by the presence of
percolating networks in our simulations. The MC sampling is
slow in this region, indicating that the dense network imposes
long relaxation times. The mass average and mole average
cluster sizes differ significantly, indicating polydispersity of
clusters under these conditions. As the SDA*(OH~) mole
proportion approaches that of the initial tetraethyl orthosilicate,
we observe a nanoparticle regime that is marked by a sudden
drop in the mass average cluster size. The resulting nano-
particles are smaller than those obtained under more dilute
conditions of silica, a surprising result considering that a higher
silica concentration might be expected to produce larger
nanoparticles. The formation mechanism of these clusters,
studied using the Q, distribution, is similar to that in the low
silica concentration system. The PDDF reflects percolating
networks at low and intermediate SDA*(OH™) mole fractions,
whereas at sufficiently high SDA"(OH™) concentrations, the
PDDF shows a monodisperse nanoparticle phase.

This simple model provides significant insights into silica
polymerization across a range of pH values and silica
concentrations. In the future we plan to build on this work
by investi(gating the formation of zeolites and zeolite
analogues® through more detailed models of structure-
directing agents.

B APPENDIX: ESTIMATION OF PH

The prediction of pH with a change in composition is an
important component in the study of such systems because of
the complex chemistry involved. Here we solve the
concentration of components and pH corresponding to the
composition yTEOS:xSDA(OH):zH,0. We assume that the
OH™, released from the dissociation of SDA*(OH™),
deprotonates silicic acid to form a singly ionized ionic silicate
monomer according to the reaction

Si(OH), + OH™ = Si(OH);0 + H,0

The initial mole fractions calculated for each component are
given by

XN = 2 xg =0
2x +z + Sy
o x o z+ 4y
Xog- = ———————— Xpo=——"
o 2%+ z + Sy o 2%+ z + Sy
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The numbers 2 and $ in the denominators arise because we
assumed that each TEOS molecule hydrolyzes into a molecule
of silicic acid and four molecules of ethanol and that a molecule
of SDA*(OH™) dissociates into a molecule each of SDA* and
OH™. After the reaction attains equilibrium, we assume that the
activities of the individual species are the same as their
concentrations. At equilibrium the concentrations are related to
the dissociation constant of the reaction by

K Xs1*H,0
D=

XSN¥OH™

In this calculation, we have assumed that the system is dilute
but we do account for the change in water moles. We also take
the value of pK, as 9.5 for the first deprotonation of silicic
acid®* and the value of pK,, of water as 13.8. Furthermore, we
have assumed that the concentration of water remains constant
at a value of 55.6 mol/L.

We then assign a change, 6, in the moles of each species from
their initial concentration. Thus, the equilibrium compositions
become

x y-9 2
e Ky — ————88
SN 2x+z+ 4y St 2x+z+ Sy

o z+4y+ 0
Xoy-= ———————— Xyo= —
o 2x + z + Sy o 2x+z+ Sy

Substituting these equations into the previous equation for Kp,
we obtain a quadratic equation for 5. We then choose a value of
0 that gives us a positive concentration for each species and
next calculate the equilibrium composition of each species. The
case of «x 0 can be treated by traditional acid—base
equilibrium calculations, which results in pH =& 2.30 at x = 0.
The pH of the mixture, at nonzero , is then computed by

pH = pK,, + log{[H,0](x — 6)}

As mentioned earlier, we then consider the remaining OH™
part of the solvent. Hence, the pH of the system remains fixed
at the initial value.

We now compare our pH calculations with the findings of
Yang et al.'® They used a stirred hydrogen electrode to
calculate the pH of the solution before the crystallization of
silicalite-1 during the clear solution synthesis. Figure 15 shows
the comparison of the pH values obtained from our calculations

15 -
. Experiments =
Model incorporating water -----

14 Model without incorporating water

13
12

11
T

= after considering water
10

20

Figure 15. Computed pH values compared with those from
experiments by Yang et al.'® at composition 25TEOS:xSDA-
(OH):480H,0.
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with those from the experiments. We observe good agreement
with the experiments, indicating that we have captured much of
the complex chemistry of the reactions successfully. However, it
is evident that consideration of water moles in our calculations
affects the results significantly.
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